by its proteinaceous accessory structures called the distal appendage (DA) and subdistal appendage (SDA) ( Figure  1a ; Bornens, Paintrand, Berges, Marty, & Karsenti, 1987; Paintrand, Moudjou, Delacroix, & Bornens, 1992) . The DA reportedly mediates ciliogenesis, in which the MC associates with ciliary vesicles and the apical cell membrane to generate cilia (Goetz, Liem, & Anderson, 2012; Graser et al., 2007; Sorokin, 1962; Tanos et al., 2013) . In contrast, the SDA regulates the anchoring of microtubules at interphase (Bornens, 2002; Delgehyr, Sillibourne, & Bornens, 2005; Kunimoto et al., 2012) . Recently, much has been learned about the molecular composition of the DA and SDA.
We previously reported that Odf2 is located in both the DA and SDA and is essential for the formation of these appendages, given that both appendages are lost in Odf2-knockout (KO) cells (Ishikawa, Kubo, Tsukita, & Tsukita, 2005; Tateishi et al., 2013) . Exogeneous expression of an N-terminally truncated construct of Odf2 (∆4/5) in Odf2-KO cells resulted in the formation of DAs but not of SDAs, suggesting that the SDA and DA formations are independently regulated by different molecular systems, in which different parts of Odf2 serve as a platform (Tateishi et al., 2013) . However, our knowledge on the direct protein interactions or on the topological relationships between Odf2 and the other DA or SDA components is still fragmentary.
The constitutive proteins of the DA, including Odf2, Cep83, Cep89, SCLT1, Cep164 and FBF1, accumulate on the DA in a hierarchical manner and are essential for centriole-to-membrane docking and ciliogenesis ( Figure 1a ; Ishikawa et al., 2005; Joo et al., 2013; Kurtulmus et al., 2018; Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et al., 2013; Wei et al., 2013) . Similarly, the SDA-specific proteins, including Odf2, Cep128, centriolin, Ndel1, ninein and Cep170, are also integrated ( Figure 1a ; Gromley et al., 2003; Guarguaglini, 2005; Inaba et al., 2016; Ishikawa et al., 2005; Mazo, Soplop, Wang, Uryu, & Tsou, 2016; Mogensen, Malik, Piel, Bouckson-Castaing, & Bornens, 2000) . Thus, except for Odf2, the molecular compositions of the DA and SDA are distinct, indicative of their functional differences.
In this study, we first carried out a database analysis to identify candidates for centriolar appendage components and independently found that Cep128 is localized to the SDA, in accordance with another report (Mazo et al., 2016; Mönnich et al., 2018) . We then analyzed the topological relationship of fluorescently labeled protein components of SDAs by super-resolution structured illumination microscopy (SR-SIM). This analysis showed that Cep128 appeared to be physically closest to Odf2, and we confirmed that Cep128 was an Odf2-associated protein by immunoprecipitation. We further showed that Cep128 knockdown (KD) led to the dissociation of SDA components other than Odf2, such as centriolin, Ndel1, ninein and Cep170, from the centriole and decreased the stability of the centrosomal microtubules. These findings led us to conclude that Cep128 is a basic protein for SDA formation and is essential for the SDA's specific Odf2-based construction and function on the MC for the organization of the centriolar microtubules.
| RESULTS

| Cep128 localizes to the SDA of the mother centrioles (MCs)
As a continuation of our previous study showing that Odf2 is critical for the formation and function of the DA and SDA, we first searched for novel proteins that localize to the SDA; for this purpose, we obtained candidates from a database of proteins whose expression is elevated during the differentiation of multiciliated cells (MCCs; Ma, Quigley, Omran, & Kintner, 2014) , as the appendages of ciliary basal bodies (transition fibers and basal feet) in MCCs share some components and functions with the appendages of centrosomes (the DA and SDA), respectively. Next, we compared these candidates with those obtained in other databases for centrosomal proteins (Andersen et al., 2003) . Then, we focused on the candidates which showed preferential localization to the MC over the DC (Jakobsen et al., 2011) . Consequently, we identified Cep128 as a candidate for an SDA protein, consistent with previous reports using SILAC and/or BAC transgeneOmics (Mazo et al., 2016; Mönnich et al., 2018) .
To confirm that Cep128 is a component of the SDAs of the MC, we first immunofluorescently examined its localization in hTERT-RPE1 (RPE1) cells and also in U2OS cells in which the appendages are reportedly present at all stages of cell-cycle progression (Kong et al., 2014) . At all stages of the cell cycle, we found that Cep128 localized to one of the two centrioles (Supporting Information Figure S1 ). To examine Cep128's localization in more detail, we used SR-SIM. We observed a ring-shaped fluorescent signal for Cep128 at one of the centrioles in its end-on view (Figure 1b ). To determine whether Cep128 was a component of the MC or DC, we costained for Cep128 and markers of these structures. The ring-shaped signals for Cep128 were located close to the MC marker Cep164, but not to the DC marker centrobin (Zou et al., 2005 ; Figure  1a ,c), indicating that Cep128 is a component of the MC.
To further examine the localization of Cep128 in the MC, we costained for Cep128 and DA or SDA components, as the ring-shaped pattern around the MC is characteristically seen in appendage proteins. The SR-SIM images of longitudinally oriented centrioles viewed from the side showed that Cep128 was more proximally located than all of the other DA components examined, including Cep83, Cep89, SCLT1, Cep164 and FBF1, and the known distal-end protein (CP110) (Figure 1a,d ). In contrast, Cep128 was at least partly colocalized with SDA components, such as Odf2, GFP-centriolin, Ndel1-GFP, ninein and GFP-Cep170, suggesting that it is a component of the SDAs of the MC (Figure 1a,d) .
To further confirm that Cep128 is an SDA protein, we used Odf2-KO F9 cells, in which both appendages, DAs and SDAs, are depleted Tateishi et al., 2013) , and detected no signal for Cep128 in these cells (Figure 1e, right) . In contrast, the Cep128 signal was detected in Odf2-KO cells expressing full-length GFP-tagged Odf2 (GFP-Odf2 FL) which have both appendage structures (Figure 1e , left). Furthermore, Cep128 signal was not detected in Odf2-KO cells expressing the C-terminal sequence of Odf2 (GFP-Odf2 ∆4/5), which have DAs but not SDAs (Figure 1e , middle). Collectively, these findings clearly indicated that Cep128 is a component of SDAs.
| Cep128 associates with Odf2 to construct the SDA
We next examined the relative spatial relationships of Cep128 with other SDA proteins using SR-SIM. As the
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immunofluorescent signals of SDA components appeared as the ring shapes around the MCs in the end-on view, we measured the sizes of the rings, as described in a previous report (Sonnen, Schermelleh, Leonhardt, & Nigg, 2012) . The fluorescence signals for the N-or C-terminally GFPor Myc-tagged SDA components Odf2, Cep128, centriolin, Ndel1, ninein and Cep170 showed ring patterns similarly to those for the antibody-labeled SDA components ( Figure  2a ). Furthermore, the diameters of the fluorescent rings around the MC were different between the N-terminally tagged and C-terminally tagged constructs of each SDA component ( Figure  S2 ), indicating that the axes between their N-and C-terminal ends were radially oriented from the centriole. To further confirm the orientation of Odf2 within the centriole, N-or C-terminally GFP-tagged Odf2 was immunostained with the antibody against C-terminus of Odf2. As a result, N-terminus of Odf2 located close to the centriolar body and C-terminus of Odf2 faced outwards ( Figure 2c ). As for Cep128, C-terminus of Cep128 located close to the centriolar body and N-terminus of Cep128 faced outwards ( Figure 2d ). We also noted that the distances between the N-and C-terminal ends of the SDA components in the endon view of MCs tended to reflect their molecular weight. The results suggested that the components were aligned in the order Odf2, Cep128, centriolin, Ndel1, ninein and Cep170, from the base to the tip of the SDA, respectively.
It was particularly noteworthy that among the SDA components, Odf2 was the most closely located to Cep128. Costaining for Cep128 and Odf2 showed that the ring-shaped immunofluorescent signal for Cep128, in which the anti-Cep128 antibody recognized a sequence in the C-terminal half of Cep128, was mostly colocalized with the C-terminally GFP-tagged Odf2, showing larger diameter of the ring which was formed by immunofluorescent signal for the N-terminally GFP-tagged Odf2 (Figure 2e ). Consistent with this observation, the signals for C-terminally GFP-tagged Cep128 overlapped with the immunofluorescent signals for Odf2 in which the anti-Odf2 antibody recognized the C-terminal region of Odf2 (Figure 2f ). These findings suggested that the C-terminal of Odf2 is associated with the C-terminal half of Cep128.
Based on this close association of Odf2 with Cep128, we examined the protein-protein interaction between them by co-immunoprecipitation assays with exogeneous GFPCep128 and Flag-Odf2 expressed in the Flp-in T-Rex 293 cell line. The results showed that GFP-Cep128 was co-immunoprecipitated with Flag-Odf2, suggesting that Cep128 associates with Odf2 ( Figure 2g ). Taken together, it was most likely that Cep128 is the Odf2-associated protein for the construction of SDAs (Figure 2h ).
| Cep128 is required for SDA formation
To investigate the function of Cep128 in the SDAs, we generated Cep128 KD cells by transfecting RPE1 cells with human Cep128-specific RNAi. We first confirmed the effect of Cep128 KD by Western blot analyses, which showed that more than 95% of the Cep128 signal was abolished by the Cep128 KD (Figure 3a) . Consistent with the Western blot results, the immunofluorescent signal for Cep128 was lost in the Cep128 KD cells (Figure 3b ). In addition, the immunofluorescent signal for ninein in the SDAs was also lost. Furthermore, we found that the immunofluorescent signals for DA components, such as Odf2, Cep83, Cep89, SCLT1, Cep164 and FBF1, were associated with DAs in both the control and Cep128 KD RPE1 cells (Figure 3c ). In contrast, the immunofluorescent signals for SDA components other than Odf2, such as centriolin, Ndel1, ninein and Cep170, were dissociated from the SDAs in the Cep128 KD cells, whereas in the control cells, all of the SDA components were associated with SDAs (Figure 3d,e) . Collectively, these results suggested that Cep128 is required for SDA formation in association with Odf2, followed by the accumulation of the other SDA protein components.
| Cep128 is required for the SDA function in stabilizing centrosomal microtubule networks
The SDA is known to be involved in the activity of the microtubule-organizing center (MTOC) in interphase ( Delgehyr et al., 2005) . We did not observe a difference in the microtubule nucleation activity of Cep128 KD compared with control cells (Data not shown). We then examined the stability of centrosomal microtubules in Cep128 KD cells treated with nocodazole, which interferes with microtubule polymerization. We carried out immunostaining for α-tubulin under nocodazole treatment and found that the intensity of α-tubulin staining in the pericentrosomal area decreased Genes to Cells KASHIHARA et Al.
in both the Cep128 KD and Odf2 KD cells (Figure 3f ). These observations were consistent with our previous results showing that the number of microtubules associated with the centrosome after nocodazole treatment was significantly decreased when the SDAs were lost, as seen in Odf2 KO and ∆4/5 cells (Tateishi et al., 2013) . The similar levels of microtubule-stabilizing activity detected in the KD cells of Odf2 and Cep128 suggested that Odf2 might not directly involved in the microtubule stabilization role of SDAs. Therefore, it is more likely that Cep128 plays a role in SDA formation to recruit other SDA proteins and regulates the stability of centrosomal microtubules.
| Cep128 establishes the hierarchical architecture of the SDA
To further explore the hierarchical organization of the SDA, which play a role for the stability of centrosomal microtubules, we generated KD cells of the SDA components and investigated their assembly (Figure 4a ). In Odf2 KD cells, the signals for all of the other SDA components disappeared. In contrast, Odf2 remained at the MC in KD cells of the other SDA proteins. In Cep128 KD cells, the signals for all of the other SDA components except Odf2 disappeared, suggesting that Odf2 recruits Cep128 to MCs and that the other SDA components accumulate on the foundation of Cep128. Next, we knocked down the expression of centriolin and Ndel1. In centriolin KD cells, the signals for ninein and Cep170, but not Ndel1, disappeared. In contrast, in Ndel1 KD cells, the signals for ninein, Cep170 and centriolin were detected at the MC. These findings suggested that Odf2 and Cep128 determine the SDA localization of centriolin and Ndel1, and that centriolin but not Ndel1 determines the SDA localization of ninein and Cep170. Furthermore, the signal for Cep170 disappeared in ninein KD cells, whereas the signal for ninein was detected in Cep170 KD cells, suggesting that Cep170 is recruited by ninein to the SDA. Our results indicated that the SDA proteins were assembled in a linear hierarchy led by Odf2, followed by Cep128, centriolin, ninein and Cep170 in that order (Figure 4b ), consistent with a previous report (Mazo et al., 2016) . It is likely that the association of Ndel1 with SDAs is separately regulated by Odf2 and Cep128. In any case, it was noteworthy that the hierarchical organization of the SDA components was consistent with their SR-SIM localization in the SDA structure.
| DISCUSSION
Accumulating evidence indicates that some of the functions of the centrosome depend on the appendages associated with the MC, such as ciliogenesis, cell-cycle regulation and maintaining the stability of the centrosomal microtubules (Vertii, Hehnly, & Doxsey, 2017) . Dysfunctions of the DAs and SDAs are known to lead to diseases in humans and mice (Bettencourt-Dias, Hildebrandt, Pellman, Woods, & Godinho, 2011; Sánchez & Dynlacht, 2016) . As the DAs are directly involved in cilia formation, their dysfunction is associated with ciliogenesis defects, which lead to related disorders such as cystic kidney disease and nephronophthisis (Failler et al., 2014; Li et al., 2017) . In contrast, the SDAs are involved in the regulation of ciliogenesis, defects of which cause symptoms that overlap with the ciliopathy disease spectrum, such as those seen in premature chromatid separation (PCS) syndrome (Miyamoto et al., 2015) , suggesting the possible role of SDA in the regulation of centriole-associated microtubule stability.
The appendage-associated proteins that have been identified are divided into three categories: those of the DAs, those of the SDAs and those of both appendages, although Odf2 is the only known member of the third category. As the other appendage proteins are associated with either the DAs or SDAs but not both, Odf2 is thought to have a role in integrating the DAs and SDAs architecturally and/or functionally. In this respect, Odf2 might define the distance between the SDA and DA which have functionally distinct roles. Our
F I G U R E 3 Functional relevance of Cep128 in SDA construction. (a, b) Effects of Cep128 knockdown (KD). siRNA-mediated KD of
Cep128 in RPE1 was evaluated by Western blotting. α-tubulin was used as a loading control (a). siRNA-mediated KD of Cep128 in RPE1 cells was evaluated by immunofluorescence. RPE1 cells transfected with control or Cep128-specific siRNA were fixed and co-immunostained for Cep128 (green) and ninein (red) analyses for the spatial distribution and hierarchical assembly of SDA components by using SR-SIM show that Odf2 is located at the most basal region of the SDA, closest to the centriole. Although the Odf2-binding proteins of the DA have not yet been identified, the present study suggests that Cep128 is at least one factor that determines the specific association of SDAs with the centrioles through Odf2 which is critical for the specific roles of SDAs. It is most likely that in forming the SDA, not only Odf2, but also the Odf2-interacting Cep128 and other SDA components are required for it. The lengths between the N-and C-termini of Odf2, Cep128, centriolin, Ndel1, ninein and Cep170 reflected their molecular weights, which is seen for elongated molecules. Notably, ninein is discussed to be an elongated molecule with a high proportion of coiled-coil domains (Bouckson-Castaing et al., 1996) . The detailed contribution of each SDA component as an elongated molecule to the specific SDA structure seen at the electron microscopy level remains to be studied, which play roles for its biological functions.
Recently, it was reported that Cep128 as a SDA component regulated the ciliary signaling (Mazo et al., 2016; Mönnich et al., 2018) . Although we did not address this point, we here showed that Cep128 regulated the stability of centriolar microtubules. However, our assay for the microtubule-stabilizing activity of SDAs left open the possibility that Cep128 and/or other components, which are Cep128-dependently accumulated on SDAs, may be responsible for the microtubule-stabilizing activity of SDAs. Further analyses of these mechanisms of SDAs are needed.
One strategy that cells use for biological functions is the selective accumulation of proteins at specific sites, such as the centrosome (Pihan, 2013) , cell-cell or cell-substrate adhesion sites (Franke, 2009; Tsukita, Furuse, & Itoh, 2001) , and the nuclear pore complex (Kabachinski & Schwartz, 2015) , where they form the specific architecture of the cellular structures. In fact, at the centrosome, various kinds of proteins accumulate, including cytoskeletal proteins, vesicular trafficking proteins, signaling molecules and cell-cycle determinants (Doxsey, Zimmerman, & Mikule, 2005) . Among them, specific sets of proteins accumulate in the substructures of centrosomes, the DAs and SDAs. The protein functional features of the DA and SDA components are critical for the functions of these appendages, along with their morphological characteristics. In this respect, it is amazing how the DA and SDA components are integrated into the specific encoding Ndel1 (M. Inagaki, Mie University), Cep170 (T. Inoue, Johns Hopkins University) and ninein (A. Inoko, Aichi Cancer Center) were kindly provided. The sequences of all of the constructed plasmids were confirmed.
The following siRNAs [Silencer (R) Select Pre-design, purchased from Applied Biosystems] were used: Cep128#1 (s44751), Cep128#2 (s44750), Cep128#3 (s44752), Cep128#4 (s225693), Odf2#1 (s9828), Odf2#2 (s9829), centriolin#1 (s21801), centriolin#2 (s21802), ninein#1 (n513102), ninein#2 (s27662), ninein#3 (s27661), ninein#4 (s27663), Cep170#1 (s54936), Cep170#2 (s57475), Cep170#3 (s57475), Ndel1 (s37642), Kif24#1 (s51220), Kif24#2 (s51221), Kif24#3 (s51222) and negative control #2 (4390843).
| Cell culture and transfection
Flp-in T-REx 293 cells were maintained in high-glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum (FCS) (Sigma) and 2 mM glutamine. RPE1 cells were maintained in DMEM/ F12 (Ham's) medium supplemented with 10% FCS. U2OS cells were cultured in 10% FCS containing RPMI medium. Transfections with cDNA constructs were carried out using FuGENE HD Transfection Reagents (Promega) or Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's instructions. Transfections of siRNA duplexes were carried out using the Lipofectamine RNAiMax Transfection Reagent (Thermo Fisher Scientific).
| Establishment of F9 cell lines and TRex cell lines
Odf2-knockout (KO) F9 cells and KO cell lines expressing each GFP-Odf2 mutant were generated as described previously Tateishi et al., 2013) . Flp-in TRex 293 cell lines expressing FLAG-Odf2 were established using the Flp-in T-REx 293 cell line system (Thermo Fisher Scientific) according to the manufacturer's instructions.
| Cell extracts and Western blots
Whole-cell extracts were prepared with RIPA buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1% Nonidet P-40, 2 mM Na 3 VO 4 , 50 mM NaF) and denatured by boiling with SDS sample buffer. Samples were separated by SDS-PAGE and then transferred to an Immobilon-P polyvinylidene difluoride membrane (Millipore). Membranes were soaked in 5% nonfat skim milk in PBS containing 0.05% Tween-20 and probed with primary antibodies overnight at 4°C and then with secondary antibodies conjugated with horseradish peroxidase (Cell Signaling Technology). Immunoreactive protein bands were detected using the Immobilon Western Chemiluminescent HRP Substrate (Millipore) and an LAS4000 (GE Healthcare).
| Immunoprecipitation assay
FLAG-Odf2-expressing Flp-in T-Rex 293 cell lines were transfected with GFP-Cep128. Twenty-four hours later, the cells were treated with doxycycline (0.25 µg/ml) containing DMEM (10% FCS) and incubated for 24 hr. Then, the cells were harvested in RIPA buffer containing a protease inhibitor cocktail (Complete EDTA free, Nacalai Tesque). The cell lysates were incubated for 30 min at 4°C and then centrifuged at 15,000 g for 10 min to remove insoluble materials. The supernatants were then precleared with Protein A sepharose CL-4B (GE Healthcare) for 1 hr at 4°C and then incubated with anti-FLAG M2 affinity gel (Sigma) for 4 hr at 4°C. The immunoprecipitates were analyzed by Western blotting.
| Microtubule stability assay
RPE1 cells were transfected with siRNA duplexes and cultured for 60 hr on coverslips. The cells were treated with 500 nM nocodazole for 5 min at 4°C, and then fixed and processed for immunofluorescence microscopy. Microtubule stability was defined as the intensity of α-tubulin in the pericentrosomal area.
| Immunofluorescent staining and microscopy
Cells were permeabilized with 0.1% Triton X-100 in PHEM buffer (60 mM PIPES pH 6.8, 25 mM HEPES pH 6.8, 2 mM MgCl 2 , 10 mM EGTA) for 1 min at room temperature and fixed in ice-cold methanol for 7 min. After being blocked with 2% FCS in PBS, the cells were incubated with primary antibodies for 1 hr at room temperature or overnight at 4°C. The cells were then incubated with Alexa Fluor 488-, 568-or 647-conjugated secondary antibodies (Molecular Probes) for 1 hr.
The confocal images were obtained with an LSM710 confocal laser scanning microscope (Carl Zeiss Microscopy) equipped with a digital microscope camera AxioCam, a 63×/1.40 NA oil-immersion objective and six laser beams (405, 458, 488, 514, 561 and 633 nm) . SR-SIM was carried out on an ELYRA S.1 microscope (Carl Zeiss Microscopy) equipped with an Andor iXon 885 EMCCD camera, a 100X/1.40 NA oil-immersion objective and four laser beams (405, 488, 561 and 642 nm) . Serial z-stack sectioning was carried out at 101-nm intervals. Z-stacks were recorded with three phase-changes and five grating rotations for each section. The microscope was routinely calibrated with 100-nm fluorescent beads to calculate the lateral and axial limits of Genes to Cells KASHIHARA et Al. the image resolution. Images were reconstituted with Zeiss Zen software.
| Statistical analysis
The integrated fluorescence intensity was calculated by subtracting the background fluorescence intensity from the total fluorescence intensity as described previously (Godinho et al., 2014) . The SDA ring sizes were defined by the average of the two longest perpendicular diameters [each diameter = (outer + inner)/2]. These analyses were carried out by ImageJ software. Comparisons were made by one-way ANOVA followed by Tukey-Kramer for multiple comparisons. Coupling incidence was compared by the chi-square test. A p-value ≤0.05 was considered statistically significant. Graphs were created, and the statistical analysis was completed using R software.
